An indicator displacement assay (IDA) was used to probe phosphate ions in acqueous medium at neutral pH using a dinuclear cerium based complex [Ce 2 (HXTA)]
Introduction
The developement of selective and sensitive assays for the detection of analytes in biological samples is a challenging and important field of research. In particular, there is a need to develop inexpensive and easy-to-use sensors against a range of important analytes, such as phosphorylated compounds. Phosphates are fundamental molecules in biology, playing key roles in living systems. Phosphates are privileged in various cellular mechanisms including 1) energy storage systems, such as through the well known ADP-AT [1] tandem-reaction catalyzed by ATP-synthase [2] [3] ; 2) key constituents of DNA [4] ; 3) components of membrane bilayers, e.g. in the form of phospholipids [5] ; 4) signal transductors trough enzymatic processes involving kinases and phosphatases. [6] Selective binding and recognition of phosphate derivatives by proteins is a crucial highly regulated event in living systems and of great interest for medicinal or analytical purposes. A relevant example of an important phosphate-containing signaling molecule is sphingosine-1-phosphate (S1P), a naturally occurring bioactive lipid. The FAB fragment of a humanized monoclonal antibody -LT1009-(sonepcizumab) was developed for binding S1P with high affinity and selectivity for therapeutic purposes (See Figure 1  a) . [7] The exquisite selectivity is due to 1) first coordination sphere interactions between the dinuclear calcium based binding site and the phosphate part of the sphingolipid (Figure 1a) ; 2) the second coordination sphere interactions between the protein and the tail of the sphingolipid see Figure 1a . Inspired by the mode of binding to the phosphate moiety of the S1P antibody, we sought to design a biomimetic binder of phosphate based on a bi-metallic bioinorganic complex. Further, we sought to exploit this binder of phosphate to develop an easy and inexpensive assay for its detection through development of an indicator displacement assay (IDA). [ complex could be used to assemble a receptor for phosphate derivatives, exploiting metal-ligand interactions for selective target recognition. To the best of our knowledge, this dinuclear complex has never befor been described in the literature as a selective IDAbiosensor for phosphate derivatives. We chose the reported pyrocatecholviolet (PCV), a catechol-type pH-sensitive dye [14] , as the chromogenic indicator for the sensor, due to its phenoxo-bridged described coordination to dinuclear metal complexes. [15] In addition to being a pH-sensitive chromophore, pyrocatechol violet, which is yellow color at neutral pH (reported peak at λ max = 444 nm changes to blue (reported λ max = 624 nm) when coordinated to a metal. Therefore, the displacement of the receptorbound pyrocatechol violet by a phosphate anion is communicated visually as well as being readily measured spectrophotometricaly ( Figure 2 ). The competition assay developed is illustrated schematically in Figure 1b . The sensing ensemble was prepared by simply mixing HXTA-H 5 , CAN and PCV in a 1:2:1 molar ratio in an aqueous solution of 100 mM HEPES buffer pH = 7, resulting in a violet complex (peak with λ max = 580 nm). The absorbance of the construct is depending on the concentration according to the BeerLambert law ([Ce 2 (HXTA)(PCV)] + = 250 µM with an absorbance of 0.43 at a λ max = 580 nm). Titration of the complex [Ce 2 (HXTA)] 3+ with PCV leads to appearance of a peak at 580 nm, visible as violet, a color that is not visible in either precursor alone. The ratio of the 445 nm peak, which is present in the PCV precursor, to the 580 nm peak, is maintained FIGURE 1: Crystal structure of S1P in conjugation with LT1009 (PDB 3I9G), in blue the monomer V L , in green the monomer V H , in red the phospholipid S1P, in orange the dinuclear calcium based binding site [7] a) The multistep reaction mechanism presenting the indicator displacement assay based description of the cerium complex by L. Que et al. [16] (Table 1) . [13] The addition of phosphate anions to the aqueous solution of this violet ensemble resulted in a change of color to pale yellow, and caused changes in the UV/Vis absorption spectra (Figure 2 ). The present sensor exhibits excellent selectivity towards phosphate ions over other anions, including pyrophosphate and sulfate ions ( Figure 5 ). To our knowledge, [Ce 2 (HXTA)(PCV)]
+ is the first colorimetric sensor based on a metal complex to date + to form a pale yellow solution with no absorbance peak between 400 to 800 nm (D). 50 microM 7 [17] Malachite green none Up to 0.8 nM that can detect phosphate ions with high selectivity in an aqueous solution. Sensors that can detect analytes by the naked eye, without resorting to any spectrometer, is of particular interest because of their convenience. The use of the present ensemble for such a purpose is demonstrated in Figure 5a : the color change from blue-violet to yellow and occurred only when phosphate ion was added to the aqueous solution of the ensemble, whether all other anions tested failed to cause this remarkable color change even sulfate not depicted (Figure 5 b) . x+ (10 µM): from left to right; NaCl, NaBr, NaNO 3 , NaIO 3 , Na 2 CO 3 , HCOONa, CH 3 COONa, NaCitrate, Na 3 PO 4 , Na salicylate, Na pyrophosphate (b) (sulfate tested and not detected)
In order to determine the association constant of phosphate and the stoichiometry for [Ce 2 (HXTA)(PCV)] + , we carried out a titration (See supporting informations) and a Job plot titration (See Figure 6a) . At a 2:1:1:1 mixture a minimum of absorbance was reached at 425 nm and the calculated association constant is K ass = 6.21 x 10 7 M −1 , which is at least 1000 times higher than similar described systems for detection of phosphatederivatives (See Table 1 and Figure 6 ). To our knowledge, this is to date the best system for selectiv naked-eye based phosphate recognition with a dinuclear complex.
Comparison with other photometric based systems for the detection of phosphates allows to conclude that [Ce 2 (HXTA)(PCV)]
+ is an excellent assembly for the detection of phosphate with a detection limit in the micromolar range (See Table 1 ). 
Conclusions
In summary, we have developed a novel colorimetric sensor for phosphate anions by simply mixing HXTA-H 5 , which can be prepared readily in high yield, CAN and PCV, a commercially available dye, in water at neutral pH value in a 2:1:1:1 molar ratio. The probe can detect phosphate ions in an aqueous solution at physiological pH, both spectrophotometrically and visually in a 2:1:1:1 mixture. Although our detection system does not reach the sensitivity of the best spectrophotometric systems for phosphate ions, such as malachite green (See Table 1 ) [17] , it does offer a biomimetic platform with great potential for further development of selective binders, which may be able to target phosphorylated compounds of important analytical and therapeutic interest. Future work will look at engineering further selectivity by exploiting interactions with the second coordination sphere such as incorporating the complex into a protein.
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